Transforming growth factor-β utilizes a multitude of intracellular signaling pathways in addition to Smads to regulate a wide array of cellular functions. These non-canonical, non-Smad pathways are activated directly by ligandoccupied receptors to reinforce, attenuate, or otherwise modulate downstream cellular responses. These non-Smad pathways include various branches of MAP kinase pathways, Rho-like GTPase signaling pathways, and phosphatidylinositol-3-kinase/AKT pathways. This review focuses on recent advances in the understanding of the molecular and biochemical mechanisms of non-Smad pathways. In addition, functions of these non-Smad pathways are also discussed.
Introduction
Transforming growth factor-β (TGF-β) is the prototype of a family of secreted polypeptide growth factors. To date, up to 33 TGF-β-related genes have been identified in mammalian genomes as the result of genome sequencing projects; these include bone morphogenic proteins (BMPs), activin/inhibin, growth and differentiation factors, nodal, and anti-Müllerian hormone [1] . These cytokines play very important roles during development, as well as in normal physiological and disease processes, by regulating a wide array of cellular processes, such as cell growth, differentiation, migration, apoptosis, and extracellular matrix production [2, 3] . For instance, TGF-β is a potent anti-tumor agent because it strongly inhibits the growth of epithelial cells. However, in a different cellular context, TGF-β can also promote tumor growth because it is able to induce changes in transcriptional activities that re-program epithelial cells into mesenchymal cells, thereby facilitating tumor metastasis and invasion [3, 4] . Over a decade ago, genetic studies in worms and fruitflies uncovered a group of genes, later dubbed as Smads, which appear to play a crucial role in mediating the intracellular responses to TGF-β and/or its related factors [5] . Subsequent biochemical characterization demonstrated that Smads are transcription factors that constantly shuttle between the cytoplasm and the nucleus [6] [7] [8] . When activated, the TGF-β receptors undergo conformational changes that allow direct binding of Smads and their phosphorylation by the kinase activities of the cytoplasmic domains of the type I receptors. This results in the accumulation of Smads in the nucleus to regulate target gene transcription. The identification of Smads elated the field of TGF-β signaling, but it also instigated a perplexing dilemma in terms of reconciling the diverse functions of the TGF-β family with the simplicity of the Smad signaling model. Now mounting evidence has revealed that the diversity of TGF-β signaling responses is determined by the combinatorial usage of core pathway components including ligands, receptors, Smads, and Smad-interacting transcription factors, by 'crosstalks' with other signaling pathways, and by the ability of TGF-β receptors to activate other signaling modules, in addition to Smads, to reinforce, attenuate, or otherwise modulate downstream cellular responses [9, 10] . The cross-talks between TGF-β/Smads and other cell signaling pathways will be discussed in detail in another review in this special issue. This review is solely devoted to the non-Smad pathways that are activated by the TGF-β receptors through either phosphorylation or direct interaction, with an emphasis on recent advances that revealed the underlying biochemical mechanisms. These non-Smad pathways include various branches of MAP npg www.cell-research.com | Cell Research kinase (MAPK) pathways, Rho-like GTPase signaling pathways, and phosphatidylinositol-3-kinase (PI3K)/ AKT pathways.
TGF-β-induced Erk activation and tyrosine phosphorylation
The initial indication that TGF-β can activate the Erk MAPK pathway came from observations showing a rapid activation of p21 (Ras) by TGF-β in rat intestine or mink lung epithelial cells [11, 12] . The rapid GTP loading of Ras in response to TGF-β in the above epithelial cells may cause recruitment of Raf, a MAP kinase kinase kinase (MAP3K), to the plasma membrane and lead to activation of Erk through MEK1. Subsequently, rapid activation of Erk by TGF-β was observed in epithelial cells [13] , breast cancer cells [14] , and fibroblasts [15] . The kinetics of Erk phosphorylation induced by TGF-β varies with cell types and culture conditions. In some cell lines, a delayed response of Erk to TGF-β was reported, typically with the peak of Erk phosphorylation occurring hours after ligand stimulation, suggesting an indirect response requiring protein translation [16] . In contrast, in other types of cells, activation can occur rapidly within 5-10 min of TGF-β stimulation, which is comparable to the time course of Erk activation by mitogenic factors such as EGF [17] .
Although Smad-dependent transcriptional mechanism can account, at least in part, for the delayed activation of Erk by TGF-β, it does not explain the rapid activation of Erk by TGF-β. In the receptor tyrosine kinase (RTK)/ Ras/Erk signaling pathway, binding of growth factors to their RTKs induces dimerization and activation of the RTK [18, 19] . This results in auto-and trans-phosphorylation of multiple tyrosine residues in the cytoplasmic domain of RTK. Once phosphorylated, these tyrosine residues serve as docking sites for numerous signaling molecules with either Src homology 2 (SH2) or phosphotyrosine binding (PTB) domains, such as Src and growth factor receptor binding protein 2 (Grb2). Grb2 is an adaptor protein that is bound to Sos in the cytoplasm in the absence of ligand stimulation. Upon RTK activation, Grb2/Sos complex is recruited to the RTK, which brings Sos to the plasma membrane, where it activates Ras by catalyzing the exchange of GDP for GTP. In its GTPbound state, Ras can bind Raf and activate a MAPK cascade that includes MEK and Erk. Grb2/Sos complex can bind to phosphotyrosine residues of RTK through the SH2 domain of Grb2 or through another adaptor protein, Shc (Src homology domain 2 containing) [20] . Shc binds to RTK and serves as a substrate of RTK. Tyrosine phosphorylation of Shc enables it to associate with Grb2 and recruit Grb2/Sos complex to activate Ras and the downstream MAPK cascade.
Although type I and type II TGF-β receptors are well-defined serine-threonine kinases, TβRII undergoes autophosphorylation on three tyrosine residues: Y259, Y336, and Y424, albeit at a much lower level than autophosphorylation on serine and threonine residues [21] . TβRII can also be phosphorylated by Src, a non-RTK, on Y284, which can serve as a docking site for the recruitment of Grb2 and Shc, thereby bridging TβRII to MAPK activation [22] . Moreover, TβRI can also be tyrosine phosphorylated after TGF-β stimulation [23] . As TβRI is activated by TβRII upon ligand binding and forms a tetrameric receptor heterocomplex with TβRII, it is not clear whether the tyrosine phosphorylation of TβRI stems from TβRI autophosphorylation or from transphosphorylation by TβRII. Nevertheless, activated TβRI can recruit and directly phosphorylate ShcA on tyrosine and serine residues, thus promoting the formation of a ShcA/ Grb2/Sos complex [23] . The ShcA/Grb2/Sos complex is then capable of activating Ras at the plasma membrane, leading to sequential activation of c-Raf, MEK, and Erk. The kinase activities of both types of TGF-β receptors are required for Shc phosphorylation [23] . Although ShcA can be phosphorylated by either TβRI or TβRII in vitro, ShcA interacts with, and is phosphorylated by, TβRI more efficiently than TβRII. Overexpression of a ShcA mutant lacking either the PTB or the SH2 domain attenuates TGF-β-induced ShcA tyrosine phosphorylation, abolishing the interaction between Grb2 and ShcA, and Raf phosphorylation, which leads to decreased Erk activation by TGF-β [23] . Transfection of siRNA that silences Shc also diminishes TGF-β-induced Erk activation. Thus, Shc plays an essential role in TGF-β-induced Erk activation, and recruitment of tyrosine kinase signaling pathways is one of the molecular mechanisms for TGF-β to activate non-Smad signaling (Figure 1 ).
Erk activation is important for epithelial to mesenchymal transition (EMT), which is one of the major biological functions of TGF-β. EMT is a normal physiological process necessary for embryonic development, and is a pathological feature associated with tumor metastasis and fibrosis [24, 25] . During EMT, cells lose epithelial characteristics and acquire the properties of mesenchyme, including downregulation of adherens junctions and their affiliated proteins, e.g. E-cadherin, increased MMP activity, induction of actin stress fibers, and acquisition of motile and invasive properties. In late stages of tumorigenesis, TGF-β promotes tumor growth by inducing EMT through a combination of Smad-dependent and Smad-independent effects [3, 4] . Erk activation is one of the non-Smad pathways necessary for TGF-β-mediated EMT [26, 27] . Erk is required for disassembly of cell adherens junctions and induction of cell motility by TGF-β. In a transcriptomic screen of genetic programs for TGF-β-induced EMT, TGF-β-stimulated Erk signal regulates a subset of target genes, which are enriched for genes with defined roles in cell-matrix interaction, cell motility, and endocytosis [26] . These genes are known to function in the remodeling of integrin-based cell-matrix adhesion and promote cell motility. Consistent with the role of Erk in TGF-β-mediated EMT, reduction of ShcA or Grb2 expression using siRNA renders mammary epithelial or mammary tumor cells unresponsive to TGF-β-induced EMT, migration, and invasion [28, 29] . In addition, a dominant-negative form of ShcA, lacking its three known tyrosine phosphorylation sites, completely abrogates the TGF-β-induced motility and invasion of breast cancer cells [29] . Therefore, the Shc-Grb2-Erk pathway is a key component of pro-oncogenic activity of TGF-β that mediates tumor invasiveness and metastasis. Moreover, Erk can also phosphorylate receptor-activated Smads, including Smad1, Smad2 and Smad3, to regulate their activities [30] [31] [32] [33] . In cell culture systems, phosphorylation of Smads by Erk inhibits Smad activity, which has been invoked to explain how oncogenic Ras overrides TGF-β-mediated growth arrest in cancer cells [31] . Finally, Erk substrates, such as AP-1 family members, can interact and function in conjunction with Smads to regulate gene expression [27, 34, 35] .
TGF-β-induced JNK/p38 activation
Perhaps the best-characterized non-Smad pathway is the JNK and p38 MAPK signaling cascades ( Figure 2 ). Like Erk, JNK and p38 are at the tertiary layer of MAPK cascades, in which they are activated by the MAP kinase kinases (MKKs), specifically MKK4 and MKK3/6, respectively [36] . TGF-β can rapidly activate JNK through MKK4 [37] [38] [39] and p38 MAPK through MKK3/6 in various cell lines [40] [41] [42] [43] . Experiments with a dominant-negative form of Smad3 or using Smad3-or Smad4-deficient Sos Ras pY P P P P P P P P P P P npg www.cell-research.com | Cell Research cells showed that Smads are dispensable for the TGF-β-induced activation of JNK [38, 39] , suggesting that the MAPK pathway is activated by TGF-β independently of Smads. A direct demonstration of Smad independence was based on the utilization of a mutant TβRI receptor with an altered L45 loop, which renders the receptor defective in Smad binding and activation, but still retaining an intact kinase activity. This mutant type I receptor is still capable of mediating TGF-β-induced activation of JNK and p38 MAPK [43, 44] . Further upstream, MKKs are activated by the MAP3Ks; in the case of MKK3/6 and MKK4, the TGF-β-activated kinase 1 (TAK1) is one of the activating MAP3Ks. Vertebrate TAK1 was identified based on the ability of a mouse cDNA to substitute for a latent MAP3K of Saccharomyces cerevisiae in the yeast mating pheromone response, and the cloned kinase was found to activate and be activated by TGF-β signaling [45] . During Xenopus embryonic development, TAK1 is involved in mesoderm induction and patterning mediated by BMP [46] . The physiological significance of TAK1 in TGF-β signaling was later revealed in mouse genetic studies, in which the TAK1 gene was inactivated through homologous recombination [47, 48] . TAK1-deficient embryos exhibit defects in the vasculature of the embryo proper and yolk sac, a phenotype with striking similarities to that exhibited by loss-of-function mutations in the genes encoding the type I receptor ALK1 or the type III receptor endoglin [48] . It was also demonstrated that TAK1 is absolutely required for TGF-β-induced JNK and NFκB activation by using TAK1-deficient mouse embryonic fibroblasts [47] . Subsequently, a direct physical interaction between TGF-β type II receptor and TAK1 was reported [49] . However, how TGF-β activates TAK1 was not known until very recently.
TRAF6, which plays an important role in the activa- tion of TAK1 in interleukin-1 receptor (IL-1R)-and Tolllike receptors (TLRs)-mediated signaling pathways, was found to be crucial for TGF-β-induced activation of the TAK1-JNK/p38 pathways [50, 51] . Like most TRAF proteins, TRAF6 is composed of a highly conserved carboxyl-terminal TRAF domain and a more variable amino-terminal domain, which contains an E3 ligase RING finger domain and several Zn fingers [52] . TRAF6 associates with members of interleukin-1β receptor/ Toll-like receptors (IL-1R/TLRs) through its C-terminal TRAF domain upon ligand stimulation, which leads to activation of the RING finger E3 ligase and subsequent lysine-63 (K63)-linked polyubiquitination of TRAF6 itself. Unlike lysine-48 (K48)-linked polyubiquitination, which normally targets proteins for degradation, K63-linked polyubiquitin chains act as scaffolds to assemble protein kinase complexes and mediate their activation [53] . Polyubiquitinated TRAF6 then recruits TAK1 and triggers its activation, thus allowing TAK1 to activate downstream JNK/p38 pathways [54] . Similarly, TRAF6 can also associate with TGF-β type II and type I receptors through its C-terminal TRAF domain [51] . The fact that TRAF6 can be pulled down by type II receptors in TβRI-deficient cells but not by type I receptors in TβRII-deficient cells initially suggests that TRAF6 interacts directly with TβRII, while its interaction with TβRI is mediated through TβRII. However, since TβRII can become activated in a homocomplex, whereas TβRI can only be activated by TβRII, an alternative explanation is that TRAF6 interacts with an activated receptor complex consisting of either a homodimer of TβRII or a heterocomplex of two types of receptors [51] . The role of TβRI in the binding of TRAF6 was further supported by the identification of a conserved consensus TRAF6-binding motif in TβRI [50] . Binding of TRAF6 to activated TGF-β-receptor complex induces K63-linked polyubiquitination of TRAF6, and promotes the association between TRAF6 and TAK1, as well as TAK1 polyubiquitination and activation [50, 51] . Interestingly, although the kinase activity of TβRI is not required for interaction with TRAF6, it is required for polyubiquitination of TRAF6 and activation of downstream kinase pathways induced by TGF-β [51] . In addition to TAK1, two other MAPKKKs, MEKK1 and MLK3, have also been proposed to function upstream of TGF-β-mediated activation of JNK or p38 MAPK via MKK4 or MKK3/MKK6 respectively [55] [56] [57] [58] . It is not known whether TRAF6 or other TRAFs are involved in their activation by TGF-β.
Although TGF-β induces JNK/p38 activation independently of Smad activation, the TRAF6-TAK1-JNK/p38 cascade functions in conjunction with the Smad-dependent pathway to regulate downstream cellular responses to TGF-β. For instance, induction of apoptosis is a wellrecognized mechanism by which TGF-β exerts its tumorsuppression activity. Besides Smad-dependent pathways, the TRAF6-TAK1-JNK/p38 pathway is essential for TGF-β-induced apoptosis. Overexpression of TAK1 caused cells or Xenopus embryo to undergo apoptosis, whereas cells expressing the kinase-inactive TAK1 were protected from TGF-β-or BMP-induced apoptosis [46, 59, 60] . Moreover, knockdown of TRAF6 using siRNA or treating cells with a chemical inhibitor of p38 efficiently blocked TGF-β-mediated apoptosis [43, 50, 51, 61] . These results indicate that the TRAF6-TAK1-JNK/ p38 pathway functions in a cooperative manner with the Smad pathway in TGF-β/BMP-induced apoptosis.
Similar to its role in TGF-β-induced apoptosis, the TRAF6-TAK1-JNK/p38 pathway also plays a very important role in TGF-β-induced EMT. Inhibiting p38 activity using p38 inhibitor or dominant-negative forms of MKK3 or p38 impairs TGF-β-mediated changes in cell shape and reorganization of the actin cytoskeleton [43, 62] . Knocking down TRAF6 expression also inhibits TGF-β-mediated EMT [51] . Thus, activation of the TRAF6-TAK1-p38 pathway is another obligatory requirement for TGF-β-induced EMT.
Rho-like GTPases in TGF-β-mediated EMT
The Rho-like GTPases, including RhoA, Rac and Cdc42, play important roles in controlling dynamic cytoskeletal organization, cell motility, and gene expression through a variety of effectors [63] . Like MAPK pathways, RhoA is also a key player in TGF-β-induced EMT (Figure 3 ). TGF-β rapidly activates RhoA-dependent signaling pathways to induce stress fiber formation and mesenchymal characteristics in epithelial cells and primary keratinocytes [64, 65] . The rapid activation of RhoA induced by TGF-β is likely to be independent of Smad2 and/or Smad3, as suggested by the rapid onset and the inability of a dominant-negative Smad3 mutant to block RhoA activities in epithelial cells [64] . It is noteworthy that a delayed peak of RhoA activation, depending upon new protein synthesis, was observed in certain cells [65] ; induction of this peak of RhoA activity may involve TGF-β-induced expression of NET1, a RhoAspecific guanine exchange factor that mediates RhoA activation by Smad-mediated transcription [66] .
However, downregulation of RhoA protein levels at tight junctions by TGF-β has also been reported [67] . Par6, a scaffold protein regulating epithelial cell polarity [68] , interacts with TβRI at tight junctions [67] . TGF-β stimulation induces the assembly and accumulation of TβRI-TβRII complexes at tight junctions, where TβRII npg www.cell-research.com | Cell Research phosphorylates Par6 at serine residue 345 [67] . After phosphorylation, Par6 recruits Smurf1 to the activated receptor complex at tight junctions in polarized epithelial cell sheets. The Par6-Smurf1 complex then mediates localized ubiquitination and turnover of RhoA at cellular protrusions, which enables TGF-β-dependent dissolution of tight junctions, a prerequisite for EMT [67] . Mutation of serine 345 of Par6 to alanine blocks Smurf1-mediated degradation of RhoA in response to TGF-β. The Smurf1-mediated degradation of RhoA is a localized event and requires the presence of Smurf1 at lamellipodial-and filopodial-like protrusions. PKCζ, an effector of the Cdc42/Rac1-Par6 polarity complex, can bind directly to Smurf1 to regulate Smurf1 localization and RhoA degradation at cellular protrusions [67, 69] , indicating that the activity of Smurf1 toward RhoA is locally restricted to sites of active protrusions. In support of this notion, silencing Smurf1 expression by siRNA-mediated RNA interference did not lead to marked changes in total RhoA protein levels; instead, RhoA and associated F-actin accumulated in cellular protrusions [69] . Sites of RhoA ubiquitination by Smurf1 have been mapped to two residues, lysines 6 and 7. Mutation of these two lysines inhibited dissolution of tight junctions and EMT in response to TGF-β [67] . Thus, through regulating RhoA degradation, TGF-β promotes dissolution of tight junctions and rearrangement of the actin cytoskeleton. It is possible that TGF-β regulates RhoA activity in two different modes: it induces a rapid activation of RhoA during the early phase of stimulation, and then downregulates the level of RhoA protein at later stages; both of these modes of regulation appear to be essential for TGF-β-induced EMT.
Besides RhoA, TGF-β can also induce activation of the Cdc42 GTPase [70] (Figure 3) . Activation of Cdc42 by TGF-β appears to be independent of Smads, because blocking either Smad2 or Smad3 phosphorylation, or both simultaneously, does not affect activation of the p21-activated kinase (PAK) 2, which acts downstream of Cdc42 [70] . Physical interaction between Cdc42 and cell surface TGF-β receptor complexes has been demonstrated [71] , and a cluster of proteins involved in the Cdc42 and PAK network are found in the receptorassociated protein complex. This complex includes the PAK-interacting Cdc42 GTPase, the Rac1 exchange factors α-PIX and β-PIX, PAK1 itself, a PAK1-interacting partner, oxidative stress-responsive kinase-1, and occludin (OCLN), a tight-junction accessory protein [71] . One of the key steps in TGF-β-induced EMT is dissolution of tight junctions. The interaction of OCLN with TβRI regulates the localization of TβRI to tight junctions in polarized epithelial cells. A mutant OCLN without the TβRI interaction domain causes mislocalization of TβRI across the surface of the cells and inhibits TGF-β-induced dissolution of tight junctions and EMT [71] . In BMP signaling, LIM kinase 1 (LIMK1), a downstream effector of the PAK network, can also associate with the BMPRII receptor and this interaction synergizes with Cdc42 to activate the catalytic activity of LIMK1, thus increasing the phospho-cofilin level and causing changes in the actin cytoskeleton [72, 73] . Smad7 appears to be required for TGF-β-mediated Cdc42 activation [74] , but whether Smad7 also associates with the same protein complex at the tight junction is not known.
PI3K/Akt pathway in TGF-β/Smad-mediated responses
Several findings suggest a role of PI3K in TGF-β signaling (Figure 4) . First, TGF-β can rapidly activate PI3K, as indicated by the phosphorylation of its downstream effector Akt [75] [76] [77] [78] [79] . This activation appears to be independent of Smad2/3 activation [78] . Second, in immunoprecipitation experiments, the TβRII receptor was found to be constitutively associated with p85, the regulatory subunit of PI3K, while association of the TβRI receptor with p85 requires TGF-β stimulation [80] . The association between TGF-β receptors and p85 was not direct, but the kinase activities of the TGF-β receptors were required for TGF-β-induced PI3K activation. Inhibition of TβRI activity using a chemical inhibitor prevents TGF-β-induced activation of Akt by PI3K [75, 79] . In addition, TGF-β may also induce activation of PI3K indirectly through TGF-β-induced TGF-α expression and consequent activation of EGF receptor signaling [77] . On the other hand, TGF-β was shown to down-regulate PI3K/Akt signaling activity through Smad-dependent expression of the lipid phosphatase SHIP [81] , which may account for the transient nature of TGF-β-induced phosphorylation of Akt.
The PI3K/Akt pathway is another non-Smad pathway contributing to TGF-β-induced EMT. PI3K is implicated in TGF-β-mediated actin filament reorganization and cell migration by studies using chemical inhibitors. Studies using chemical inhibitors of PI3K should be interpreted cautiously because pharmacological inhibition of PI3K at the dosage used often reduces the phosphorylation of Smad2 by receptors [74, 75] , due to interference with the SARA-dependent presentation of Smad2 and/or Smad3 to membrane-bound TGF-β receptors [82, 83] . The requirement of the PI3K/Akt pathway in TGF-β-mediated EMT could be mediated, at least in part, by a downstream effector of Akt, mammalian target of rapamycin (mTOR), which is a key regulator of protein synthesis via phosphorylation of S6 kinase (S6K) and eukaryotic initiation factor 4E-binding protein 1 (4E-BP1). TGF-β-induced activation of mTOR, S6K, and 4E-BP1 has been observed in several different cell types, including murine NMUMG mammary gland epithelial cells and human HaCAT keratinocytes [79] , both of which undergo EMT in response to TGF-β. A chemical inhibitor of PI3K or a dominant-negative mutant of Akt blocks TGF-β-induced mTOR activation. Consistent with the notion that phosphorylation of S6K and 4E-BP1 by mTOR enhances translational capacity, increases in protein synthesis were also observed during TGF-β-induced EMT in these cells [79] . Treating these cells with either a TβRI inhibitor or rapamycin, an inhibitor of mTOR, inhibits TGF-β-induced increase in protein content [79] . Although rapamycin does not affect TGF-β-induced morphological changes, it inhibits the enhanced migration and invasive behavior associated with TGF-β-induced EMT [79] . Therefore, the TGF-β-induced translation pathway through PI3K/AKT/mTOR may complement the transcription pathway mediated by Smads in TGF-β-induced EMT.
Besides EMT, PI3K plays a role in TGF-β-mediated fibroblast proliferation and morphological transformation [78] . Tyrosine kinase c-Abl acts downstream of PI3K and accounts for at least part of the TGF-β-mediated fibroblast response. Inhibition or loss of the c-Abl kinase prevents TGF-β-mediated morphological alterations, expression of extracellular matrix genes, and cell proliferation in fibroblasts [84, 85] .
However, in many other TGF-β-induced responses, the PI3K/Akt pathway antagonizes Smad-mediated effects. For example, activation of PI3K or Akt protects cells from TGF-β-induced apoptosis and growth inhibition [76, 86, 87] . This protection has been suggested to result from a physical interaction between Akt and npg www.cell-research.com | Cell Research Smad3 [88, 89] . Akt, which relays signals downstream of PI3K, can directly associate with Smad3. The interaction between Smad3 and Akt prevents TβRI-mediated phosphorylation and nuclear localization of Smad3, thereby resulting in inhibition of Smad3-mediated transcription [88, 89] . Besides Akt, the forkhead transcription factor, FoxO, also plays a role in the antagonizing effect of PI3K/Akt on Smad-mediated transcription. TGF-β is a well-known potent growth inhibitor. Key to this function of TGF-β is its ability to suppress protooncogene c-Myc transcription, and to induce transcription of p15 Ink4b and/or p21 Cip1 , which are inhibitors of G1 phase cyclin-dependent kinases [4] . In the case of induction of p15 Ink4b and p21 Cip1 expression, a transactivation complex containing Smad3, Smad4, and FoxO family of transcription factors is required [90, 91] . Since FoxO proteins are targets of the PI3K/Akt pathway, Akt can inhibit nuclear localization of FoxO proteins by phosphorylating them, and thus barring them from their target genes. This offers another mechanistic account for the antagonizing interaction between the TGF-β pathway and the PI3K/Akt pathway in TGF-β-mediated transcription response and growth arrest.
In addition, mTOR and S6K were also implicated in antagonizing TGF-β-mediated responses. Rapamycin reverses the inhibitory effect of Akt on TGF-β-mediated Smad3 phosphorylation and transcription response [87] , while S6K was reported as a rate-limiting factor for TGF-β-induced growth arrest in EpH4 polarized mammary epithelial cells [92] . In the latter scenario, TGF-β inhibits S6K activity by promoting its dephosphorylation. The inhibition of S6K by TGF-β requires expression of the Bα regulatory subunit of protein phosphatase 2A since S6K is not inhibited in cells with undetectable Bα expression [92] . The Bα subunit interacts directly with activated TβRI [93] . Since Bα suppresses the association of the catalytic C and regulatory A subunits of protein phosphatase 2A [94] , the Bα interaction with the receptor is expected to result in enhanced protein phosphatase 2A activity. Although these observations strongly suggest a role for mTOR and S6K in antagonizing the response to TGF-β, their precise role and associated mechanisms need further exploration.
Future perspective and conclusion
In the past few years, considerable progress has been made toward understanding the signaling networks and downstream pathways of TGF-β receptors. It is now clear that the co-operation between Smad and non-Smad signaling pathways determines the final outcome of cellular response to TGF-β. It will not be surprising if more nonSmad signaling pathways are discovered in the future. In an automated high-throughput interaction mapping, more than 100 proteins associated with the TGF-β receptor complex were identified [71] . Many of these proteins are either themselves signaling molecules or are signaling adaptors. Interestingly, many of these interactions are dynamically dependent on the activation state of the receptor complex. Further validation and characterization of these receptor-interacting proteins will undoubtedly reveal novel molecular mechanisms that contribute to both Smad-dependent and -independent TGF-β signaling and advance our understanding of the ability of TGF-β to induce a plethora of diverse biological responses. In addition, a major challenge now is to determine how addition of TGF-β to a given cell can direct cell-surface, membrane-bound receptors to recruit and activate multiple downstream effectors, and how the specificity in downstream signaling is achieved. The combination of in vivo imaging of TGF-β receptors, their regulators and their effectors, loss-of-function analysis using RNA interference and knockout mouse models, proteomics and phospho-proteomics will be powerful tools in answering these questions. Finally, as we continue to advance our understanding of the signaling network of TGF-β and how subtle perturbation of this network can result in pathological situations, we should also consider practical and clinical approaches for pharmacological intervention of different molecular targets in this signaling network for treatment of a variety of diseases.
